Abstract-Multiple-input-multiple-output (MIMO) systems offer much capacity gain over single antenna approaches. The recently proposed multistratum space-time code (MSSTC) is such a MIMO-scheme among many others. In this paper, a generalization of the multistratum idea is presented and leads to the new family of multistratum-permutation codes. It is shown, that this scheme can achieve a higher link capacity than the MSSTC or Vertical-Bell Labs Layered Space-Time (V-BLAST). Scheme examples are presented for a 4 4 antenna system transmitting four data streams in parallel. They also show a promising performance for successive interference cancellation (SIC) receiver algorithms with a realistic complexity.
channel. There are other competing principles that achieve an improved channel quality by utilizing transmit diversity. Space-time codes [6] are one of such schemes.
The recently proposed multistratum space-time codes (MSSTC) [7] combine both principles by applying space-time block codes (STBC) to a multilayered system. It was demonstrated, that a combination of both principles can lead to higher spectral efficiencies as for V-BLAST or STBC itself and at the same time it might be less complex to decode as the D-BLAST approach.
A generalization of the multistratum idea is proposed in this paper. This leads to a new family of multistratum algorithms which are named multistratum-permutation codes (MSPCs). Another recently proposed family of MIMO approaches are the linear dispersion space-time codes (LD-STC) [8] . MSPC are also compared with this new approach, similarities and differences are addressed.
The paper is organized as follows. In Section II, the MIMO-signal model is introduced. This includes the definition of two different MIMO channel realizations which represent two extreme propagation scenarios (uncorrelated and strongly correlated channel coefficients, respectively,). The new family of MSPCs is introduced in Section III. A simple example demonstrates the code construction. Further, a comparison to MSSTC is given. Based on capacity simulations in [7] , the MSPC are compared with other MIMO-techniques by the means of the overall achieved link capacity for both channel scenarios in Section IV. Bit-level simulations have been conducted to show perhaps some more practical limitations of the MIMO systems. They are presented in Section V. Finally, conclusions summarize the results.
II. MIMO SIGNAL MODEL

A. Transmitted Signal
In the following, a communication system with -transmit and -receive antennas is assumed. For layered MIMO systems a stream of data symbols is divided to form parallel streams of symbols. In BLAST systems, these streams are called "layer," whereas for multistratum approaches these streams are named "strata" [7] . The data symbol vector contains symbols from the th stream
Signals transmitted from all antennas at consecutive symbol intervals are expressed within the signal vector as (2) 0733-8716/03$17.00 © 2003 IEEE Fig. 1 . A general system model for layered MIMO system approaches using independent BICM on each stratum or layer.
This transmitted signal vector can now be expressed as a superposition of linearly transformed data symbol streams . The linear transformation of the th stratum is defined by matrix with dimension ( )
defines length of a space-time transformation and is the number of symbols to be encoded within such a codeword. Most of the MIMO approaches known so far can be expressed with this linear formulation of the MIMO transmitted signal [7] . Therefore, this notation allows a direct comparison of these techniques. The approaches differ only by their transformation matrices . The overall data rate follows from the sum of all stratum-data rates: (4) where defines the coding rate of the th symbol stream, the basis data rate of each stratum before coding. Hence, the factor represents a possible rate loss from the spatial transformation of the stratum/layer. Fig. 1 shows a schematic of the general MIMO system model defined in (3) . Each stratum/layer is coded and interleaved independently before the bits are grouped to symbol constellations. This is usually referred to as bit-interleaved coded modulation (BICM) [9] .
B. Channel Model
The analysis in this paper focuses on flat-fading channels only. A detailed description of the MIMO channel model can be found in [10] . Although the channel modeling strategy in general allows frequency selectivity by having multiple clusters within a propagation environment, a flat-fading channel with just one cluster can be considered as a subset of such a complex model. For such channels the multipath components arrive at the receiver almost at the same time compared with the symbol duration . Therefore, there exists no frequency selectivity and the channel can fully be described by a channel matrix of dimension [ ] containing time varying channel coefficients
Flat-fading channels can be found in indoor scenarios, as well as at the output of RAKE fingers in CDMA systems, where all multipath components of the frequency-selective channel are suppressed by the auto correlation properties of the spreading codes. Two different realizations of the model shall be defined for a comparison of the different MIMO techniques in this paper, which are chosen to represent two different propagation scenarios.
Microcell Scenario: A scenario with one cluster and mean angle of arrival (AOA) of 30 seen from the receiver and a relative small angular spread due to the small dimension of the cluster. It applies for both uplink and downlink and represents a typical scenario with high correlation among the different transmit antennas and receive antennas. There is only small transmit-and receive-diversity.
Picocell Scenario: The angular spread is high both at the transmitter and at the receiver, since the distance between them is small and both are located within the same cluster. This results in fading which is almost uncorrelated among the channel coefficients. Therefore, high transmit-and receive-diversity can be observed. Such a characteristic applies also for indoor scenarios. The modeling of these channel characteristics is described in [10] and [11] in full detail.
C. Received Signal
Similar to (2), the received signal vector consist of consecutive received signal from each of the antennas (6) and follows from
with the expanded channel matrix of dimension ( ). It is assumed, that the received signal is disturbed by additive white Gaussian noise (AWGN) with variance . This models the effect of thermal noise at the receiver, as well as interferences, which are assumed to be spatially and temporally white.
III. MULTISTRATUMA PPROACHES
A. Multistratum-Permutation Codes (MSPC)
The concept of multistratum approaches is to utilize transmit diversity for parallel data streams called strata. MSPCs achieve this by spreading the signal over all antennas. This is done by an orthogonal transformation both in space and time. A superposition of the strata is accomplished by a second orthogonal transformation . These orthogonal transformations ensure the separability of the stratum symbols at the receiver. The transformation matrix of the th stratum is defined as . . .
This matrix with a dimension of ( ) consists of the space-time transformation represented by the matrices and the coefficients of the th column of the interstratum orthogonal transformation . The matrix is defined as diag (10) To ensure that each data symbol of the th stratum is transmitted over each antenna, a permutation is used. This simple matrix manipulation rotates the matrix horizontally. The notation expresses, that the matrix is rotated horizontally by rows (the last rows of the matrix are cut out and are added at the top of the matrix) as follows:
This permutation ensures the utilization of the spatial transmitdiversity that is offered by the MIMO channel. The dimension of this matrix is ( ). In some applications, the number of encoded symbols may be reduced to . In such cases, matrix is simply reduced by cutting the last ( ) columns. A simple example demonstrates the construction of a MSPC signal. Let us assume a system with antennas. The spatial channel coefficients are assumed to be uncorrelated, therefore, it is possible to transmit strata in parallel over the MIMO channel [4] . A Hadamard-transformation (HT) shall be used for spreading the signal of a stratum over space and time (12) From (12) and (10) the matrices and read (13) A HT is also considered as the interstratum orthogonal transformation (14) Using (3) and (9), the multistratum signal vector can be expressed as . Using (4) this results in an overall data rate of (18) Fig. 2 show schematic of the MSPC transmitter with two transmit antennas. Each stratum contains full transmit diversity. Therefore, all strata arrive at the receiver with the same mean signal-to-noise ratio (SNR). This overcomes the need for an optimum detection ordering at the receiver as it is necessary for V-BLAST. Due to the fact, that all strata arrive at the receiver with the same SNR, different code rates among the strata may be assigned to ensure a good performance of an interference cancellation receiver. A successive interference cancellation receiver (SIC) would in this case start with the detection of that strata with the lowest code rate. Another advantage of multistratum coding compared with BLAST approaches is, that fewer strata than transmit antennas can be created without transmission breaks, when rank . The rank of a channel can be assumed to stay constant over some time and may be signaled via a very low rate feedback channel similar to power control commands in todays communication systems.
The multistratum-permutation scheme can easily be extended to any number of transmit antennas. In general, there is no restriction in the transformations that are used as long as there are orthogonal. The HT only served as an example in this work.
A new family of linear-dispersion space-time codes (LD-STC) was currently proposed by Hassibi and Hochwald [8] . This codes also aim to be linear in space and time, but they follow a different approach by optimizing the mutual information of the signal. Different to the multistratum idea, they do not propose to use a structure of independent data streams (strata), but to optimize the signal constellations directly. This is done with respect to the channel characteristics, the number of antennas, and the temporal block length of such a codeword. Although, the principle of the LD-STC look similar to the MSPC a significant difference must be mentioned. multistratum approaches consider independent BICM on every stratum, probably with different code rates on each data stream as explained in Section IV. This, clearly, supports a SIC. Thought, that Hassibi and Hochwald use maximum-likelihood (ML) detectors (or similar approaches), their codes might loose some of the performance gain with traditional SIC receiver structures. It would still be interesting to see how MSPC could fit into the mathematical framework of the LD-STC and maybe to find other orthogonal transformations with even better performance than the HT, that is applied here.
B. Multistratum Space-Time Codes (MSSTC)
MSSTC have been introduced by Wachsmann et al. [7] . Here, the transmit diversity is gained through the use of space-time block codes (STBC) as the orthogonal space-time transformation. STBC present a ingenious way of transmitting symbols over the transmit antennas and gain spatial transmit diversity even if only one receive antenna is present [multiple-input single-output (MISO) channel].
STBC were first introduced by Alamouti [12] and have been generalized by Tarokh [6] . In order to compare this approach to MSPC techniques using the same notation presented so far, the complex signals are written by their real and imaginary part separated within the signal vector . Again, a simple example for shall illustrate the construction of MSSTC signals. In this case, the STBC of Alamouti [12] is used (19) This can be seen as a independent linear transformation of the real and imaginary part of the signal . Therefore, the signal vector contains the real part and consecutive the imaginary part of the symbol vector . Now (19) can be expressed as follows:
For MSSTC this STBC is used as the space-time transformation. With (20) and (9) follows:
Again (22) shall be given in full detail:
The transformation matrices are now of dimension ( ) because of the splitting in real and imaginary parts. In the simple case of two transmit antennas and by using Alamouti's code , the overall data rate follows from (18). MSSTC can be constructed for any number of transmit antennas by using the appropriate STBC. The construction of these codes are described in [6] . Remarking, that for more than two transmit antennas, there is always a rate loss due to STBC. This means, that the full capacity cannot be addressed with MSSTC.
Nevertheless, MSSTC each stratum exploits the full transmitdiversity even for MISO systems with only one receive antenna due to the STBC. However, in such cases only one stratum can be sent because of the lack of capacity in such a MISO system.
IV. LINK CAPACITIES
The link capacity which can be achieved with a particular MIMO transmission depend on the channel capacity, as well as on the transmission strategy. For the receiver some simple assumptions are introduced to define its implications on the link capacity. The capacity of a particular transmission strategy can be calculated from the mutual information between the transmitted symbols and received signal of the MIMO communication system [2] (25) with covariance matrix of transmitted signal vector; covariance matrix of received signal vector; cross covariance matrix of both vectors. Independent Gaussian symbols are assumed to achieve this capacity. To be able to have a realistic measure on the capacity that can be achieved with the different transmitter strategies some assumption about the receiver has to be assumed. For the analysis presented here, a successive interference cancellation (SIC) receiver is assumed (Fig. 3) . The stratum index represents the detection order. Thus follows, that the first stratum has the lowest code rate (highest redundancy) and is, therefore, the most likely one to be detected correctly. After the detection of a codeword of this stratum the recoded signal is subtracted before the detection of the next stratum. This ensures, that the next stratum is affected by interference from only strata. If the detection of the stratums are correct, then the interference is reduced with each step. The capacity of the first stratum follows:
A normalization by is required because of the spanning of the received signal over time instants. The following detected stratum capacity benefits from the reduced interference:
The capacity of the th stratum, therefore, follows:
To ensure error-free transmission over the stratum data rate must not exceed the stratum capacity (29) where defines bandwidth of the signal. To ensure that this is fulfilled for all strata, the maximum basis data rate follows:
(30) Fig. 4 shows the per stratum capacities calculated from (26)-(28) for a 4 4 MIMO system with an antenna spacing of . For calculation of the layer capacities the picocell channel model was used. It reflects a nearly uncorrelated spatial fading process and is comparable to the widely used i.i.d. assumption [7] , [13] . The channel was assumed constant during a block of signals long enough to ensure proper coding and changes randomly between adjacent blocks of symbols (quasi-static fading). Fig. 4 allows an understanding of the performance of a successive interference cancellation receiver. It shows the increasing capacities with each correct detected data stream. Remember, that this capacity increase for the successive detected data streams can only be accessed for error-free detection of the previously detected layers. This must be ensured with an appropriate coding rate as shown in (29).
Since the effective stratum data rate does not exceed the stratum capacity (29), error-free detection can be assumed and, therefore, no error propagation takes place. This causes growing stratum capacity as the interference is subtracted out with each detected stratum by a SIC receiver. This holds for all blind MIMO systems (BLAST, MSPC, MSSTC).
The goal of assigning the code rates to the strata is to get a maximum link-capacity . The link capacity shall be defined as the maximum overall data rate normalized to the bandwidth (31)
A comparison of the strata data rates of both multistratum approaches (Fig. 4) reveals some fundamental differences. For the MSPC a four-point HT was used. The capacity for the first stratum is higher for the MSSTC as for the MSPC. This follows from a lower amount of interference, since intrastratum interferences (interference between different symbols of one stratum) is avoided through the use of STBC as the space-time transformation. Nevertheless, the increase of the stratum capacity is smaller for higher strata for MSSTC.
In the following, the link capacity of multistratum approaches is compared with other MIMO approaches. One important characteristic of V-BLAST is the existence of different SNR for individual layers due to the lack of transmit diversity for each layer. The assignment of different code rates to the layers make no sense since the transmitter does not know the detection ordering beforehand. The link capacity of the V-BLAST follows: It can be concluded, that for V-BLAST the overall link capacity depends only on the layer capacity of the first detected layer. The higher capacity of the other layers cannot be accessed, because of the equal coding rates of all layers.
D-BLAST offers the possibility of applying different code rates to the layers, because full transmit-diversity is gained and, therefore, all layers are received with the same mean SNR at the receiver. More details can be found in [3] . The link capacity can, therefore, be expressed with (32).
EBF is a principle, that requires more knowledge about the channel at the transmitter than the other approaches which are compared in here. Spatial characteristics of a scenario are represented within the spatial correlation. The mean covariance matrix contains the complete spatial channel characteristics at the transmitter (34) Approaches that use the long term spatial channel characteristics are perhaps more convenient than the usage of the instantaneous channel state information, since such systems require too much feedback information (channel coefficients, that are usually measured at the receiver). A common assumption is, that spatial characteristics change rather slowly compared with the temporal fading. The Eigenvector matrix of represents beamforming vectors that can be used to address the long-term eigenmodes of the MIMO channel with orthogonal beams [14] (35)
The eigenvalues in represent the mean power of the individual orthogonal subchannels. EBF uses this eigenvectors to address the eigenmodes of a MIMO channel [5] , [11] . This approach is most attractive for use in correlated channel scenarios at the transmitter. Such channels can be considered to have only one strong singular value. Therefore, only one eigenbeam is formed and no parallel transmission of multiple data streams over different eigenbeams must be considered herein. Nevertheless, the eigenvalues of the covariance matrix may indicate more than one strong eigenbeam. In such scenarios, multiple eigenbeams could be used to transmit multiple layers. The use of multiple beams depend strongly on the SNR as shown in Fig. 4 . At low SNR not all layers contribute some layer-capacity, because the are not used for transmission following the waterfilling theorem. For a detailed treatment of EBF capacity the reader is referred to [11] . The link capacity of EBF can also be computed with (31), whereas the layer capacities depend on the transmitter covariance matrix of the channel.
For the following comparison of the overall link capacity of different MIMO systems a successive interference cancellation receiver is assumed. The choice of the layer code rates was limited to • V-BLAST [15] ; • MSPC;
• MSSTC [7] . The MIMO capacity [2] of the channel shall serve as upper limit. Otherwise, the capacity of a STBC scheme demonstrates the limited potential of a nonlayered MIMO system and serves as a lower bound.
First, a comparison of the link-capacity is presented for the picocell scenario defined in Section II. All MIMO systems that are considered here (Fig. 5) exceed the single layer system (STBC) starting from a SNR of 5 dB. The differences in general grow with SNR. This means that MIMO systems are able to exploit a high capacity increase for high SNRs, an observation that corresponds to results presented in [7] . Significant differences among the MIMO approaches become obvious starting from about 12 dB. The limitations of the V-BLAST are clearly shown. Both multistratum approaches achieve similar capacities as D-BLAST. Note, that guard intervals as there were suggested in [3] are not considered here. They would lower the achievable link capacity. MSSTC performs slightly worse, due to the rate loss of the STBC that is 3/4 for four transmit antennas [6] . The performance of EBF shows the additional gain that can be achieved through partial channel knowledge at the transmitter. This small gain compared with MSPC and D-BLAST can only be seen at high SNRs starting from 20 dB.
Propagation scenarios with strongly correlated channel coefficients are considered as worst case scenarios for layered MIMO transmission. This can be seen from Fig. 6 . In such a channel scenario only one significant eigenvalue exists leading to a performance loss for all blind multistratum or BLAST systems which still transmits four data streams in parallel. This performance loss results from unresolvable interstratum interference. Therefore, the capacity is limited at high SNRs by that interference. The capacity achieved with blind multilayer systems approaches the single layer performance (STBC), but no additional gain can be expected. Although both multistratum approaches seem to be slightly more robust than BLAST in such channel scenarios. The system of choice would clearly be the EBF. Here, the best performance can be achieved trough waterfilling at the transmitter. An interpretation of this waterfilling is, that EBF forms a beam in the direction of the dominant scatterer within the scenario and achieves the best SNR at the receiver by focusing the available transmit power within that beam.
The following section proves the conclusions of the capacity analysis, but considers some more practical constrains that further influence the performance of MIMO systems.
V. BIT-LEVEL SIMULATIONS
After the more general conclusions of Section IV, bit-level simulations considering a practical receiver structure shall illustrate the characteristics of the multistratum approaches under certain restrictions. Coding of the layer was done using convolutional codes with a constrain length of 9 bits and following polynomials (octal) have been used code code code These are standard convolutional codes as used for 3GPP. Fractional code rates are generated by random puncturing.
At the receiver a Viterbi decoder was applied. Further, SIC was assumed. Linear interference suppression by weighting of the received signal vector is applied before the decoding of the signal block. Following the minimum mean-squared error (MMSE) approach, the weighting matrix for the th stratum reads (37) with the signal power and the effective channel matrix , that follows from a multiplication of the expanded channel matrix and the space-time transformation matrix (38) This ( )-dimensional matrix now contains the channel, as well as the stratum characteristics. After MMSE weighting the block of signals of the first stratum is decoded. For the detection of the second stratum, the detected signal is subtracted from the received signal. This receiver is similar to the SIC receiver usual assumed for V-BLAST [15] . Table I lists the simulation parameter. V-BLAST and EBF are also simulated for comparison. Optimum detection ordering was assumed in both approaches.
Due to the use of convolutional codes and suboptimum detection techniques one cannot expect to reach the theoretical capacity limits, but this simulation reveals some other important practical limitations that were not included in the capacity simulations.
Both multistratum approaches show approximately the same performance (Fig. 7) . They exploit transmit diversity and, therefore, they outperform V-BLAST. Surprisingly, EBF performs worse as the other blind approaches. This results from blocks where the long-term spatial statistics of the channel and the short-term realization of the channel matrix differ much and, thus waterfilling fails. Further, the mismatch between short-and long-term channel characteristics leads also to serve interference among the different eigenbeams, which results in an inferior performance for a SIC receiver. Clearly, if the eigenvectors of the short-term correlation matrix would be used for transmission, the eigenbeams would match perfectly to the timevariant channel conditions, and EBF would outperform the other methods. However, as explained before, this would require exact channel knowledge at the transmitter, which is not assumed here and would probably highly theoretical in real world communication systems.
The capacity analysis in Section IV showed, that in correlated propagation scenarios only one layer should be used for transmission. In the following simulation of a correlated channel scenario therefore only one stratum/layer was used. Table II shows the simulation parameter. Fig. 8 shows the results for bit-error rate simulation for the MIMO systems in a highly correlated scenario.
In case of just one transmitted layer V-BLAST can be considered just as a single-input multiple-output system (SIMO) since only one transmit antenna would be used in this case. In contrast, multistratum systems would still use all transmit antennas. MSSTC with just one stratum is simply the same as STBC. Although to the lack of transmit diversity in the propagation scenario this does not offer much diversity gain. Therefore, MSSTC suffers from the STBC rate loss and gains only a small diversity gain (due to low angular spread in the microcell scenario). This leads to a worse performance compared with V-BLAST for low and medium SNR. Only at high SNRs the small diversity means some benefit.
The HT as a spatial transformation that is used used for MSPC is not a good choice and results in interferences that lead to an inferior performance. EBF is clearly the best approach to use in such scenarios. With long-term channel knowledge at the transmitter a coherent combining gain (beamforming gain) can be achieved with this approach and, therefore, it outperforms all other MIMO systems.
VI. CONCLUSION
With MSPCs a new family of multistratum codes have been presented. The general description of this approach allows the construction of different multistratum codes. MSSTC developed by Wachsmann et al. [7] can be seen as one realization of MSPCs. Simulated link capacities that can be achieved with a 4 4 antenna system using different MIMO approaches have been compared. MSPC, that apply HTs as one example, proofed to achieve high capacities in uncorrelated scenarios. Additional, bit-level simulations have shown, that multistratum approaches in general achieve a better performance as V-BLAST for practical receiver structures. EBF works best in correlated scenarios, but suffers from worse performance in uncorrelated scenarios.
Therefore, MSPCs can be considered a promising approach to achieve high spectral efficiencies in MIMO communication systems. The search for other orthogonal transformations that could be used for MSPC either to enhance the overall spectral efficiency or allow for simple receiver structures remains as an important subject for future research.
